Abstract-By investigating the experimental results of the average throughput with the 802.11g ad-hoc mode, we have collected the different performance characteristics among the indoor, the wall-penetration and the outdoor environment. Given the solid evidences from the baseline experiments, we have embedded the heuristic algorithms into the routing decisions. We have thus simulated a large area of 300 meters by 300 meters with hundreds of routing nodes. After investigating over 100 topology scenarios, the performance results indicate that our proposed scheme produces the higher-bandwidth paths for most of the cases. Even in the less-dense cases, our proposed schemes still can find the better paths with bandwidth about 30% higher than the conventional methods.
However, the preliminary results indicate that this common myth is not always true. Via the experiments and analysis, we have observed that the ad-hoc mode had the worst performance within 5 meters in indoor environment. In outdoor environments, TCP and UDP have demonstrated different performance behaviors. TCP seemed to favor either short distance (e.g., 5 meters) or long distance (e.g., 25 meters). On the other hand, the best performance UDP has achieved with the distance of 10 meters. Apparently, the connection setup in outdoor environments should be also determined by the types of protocol stacks. Penetrating the walls stressed the ad-hoc mode to the limit.
The performance results indicate that the distance between the routing nodes should be placed within 5 meters away.
Otherwise the overall bandwidth for the connection will be significantly affected by the wall-penetration.
These unique observations indicate that the construction of an ad-hoc wireless network needs to place the distance factor in serious consideration. A proper distance range should multimedia communication such as video streaming, sufficient path bandwidth is critical to the end-to-end performance. Given the solid evidences from the baseline experiments, the routing decisions within the (multi-hop)
ad-hoc networks need to be intelligent enough to guarantee the sufficient bandwidth. We have thus investigated the large area of 300 meters by 300 meters with hundreds of routing nodes. The preliminary results indicate that, even the node number is small and path selection is limited, our proposed schemes still can find the better paths with bandwidth about 30% higher than the conventional methods.
With the higher density, the bandwidth of the selected paths can be 3.8 times higher compared to the conventional schemes. After investigating over 100 randomly generated topology/scenarios, the evidences indicate that our proposed schemes produce the higher-bandwidth paths.
Background and Related work
Finding the optimal routing solution to satisfying multiple quality of service (QOS) factors within the networks is a NP-complete problem [LCL05] [ZLGKMT05]. Therefore, heuristic methods are usually thought to speed-up the searching for the good-enough solutions in the large-scale networks.
The wireless ad-hoc networks make the routing problem even more complex. In addition to the conventional QOS factors, the physical distances between the routing nodes with the environment factors should be jointly considered.
[GJTW05] also recognized that the conventional QOS routing schemes might not fit the wireless ad-hoc networks at all. There is little literature actually addressed the concerns that we have on the distance factor, but some of the previous studies can be considered loosely related.
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Baseline Experiments
Laptop computers are adopted to perform the actual experiments. Both of them have Pentium IV processor (with Centrino Technology), 512M memory and 40G hard disk. We then used two identical wireless adapters to be installed within the laptop to carry out this experiment.
The Linksys 802.11g wireless cards use 2.4-GHz frequency with the theoretical bandwidth up to 54Mbps. The mode has been set in ad-hoc mode with SSID "AdhocGroup".
The number of channel is set to six. The subnet mask is set as 255.255.255.0 with gateway function disabled. In addition to the identical hardware, we also adopted the same operation system (Microsoft Windows XP) on the laptops.
We then built our own benchmarking software on top of the TCP/UDP/IP protocol stack embedded in Windows XP operating system.
Indoor without obstructions -We chose the CISE building basement as our experiment location in order to minimize the interference of access point of the infrastructure-mode wireless connections. Then we did the experiment at three distances: TCP, UDP with distance within 5m; TCP, UDP with distance at between 5m and 10m; TCP, UDP with distance between 10-20m.
Outdoor without obstructions -We chose a large parking lot, and did the experiments when there are few cars parked far away in order to minimize the interference. And we also did the experiment at 5m, 10m, 15m 20m and 25m.
Penetrating wall -For this experiment, we fixed the indoor laptop's position, moved the outdoor laptop so that the distance between them is changing with distance: 5m, 10m, 15m, and 20m. In between them there is a wall as the obstruction, the wireless signal has to penetrate the wall.
Experimental Results and Analysis
Indoor without Obstructions - 
The peak average throughput does reach 18 Mbps, which is an improvement of 38.5% from TCP. The UDP protocol stack almost reaches the 18.2 Mbps when the message size is about 2 Mbyte (i.e., 2^11 KByte in Fig. 3 ). The similar performance trend is still observed, with the much-less bandwidth achieved when the distance is less than 1 meter.
However, unlike TCP protocol stack, the achieved bandwidth seems to be quite identical when the distance is greater than 5 meters away. This unique observation makes us believe that the ad-hoc network nodes should be placed at least 5 meters away, when supporting the UDP-based applications. The penetration process needs to happen when the links are constructed to bridge the indoor and outdoor environments.
After the penetration, the signals need to be strong enough for the routing nodes to detect them. Fig. 6 depicts the achieved throughput for TCP penetrating the walls.
Fig. 6 TCP Penetrating Wall Results
We can observe from Fig. 6 that when the RF penetrates a wall, throughput performance is dramatically dropped. We can observe that when the distance between the nodes is increased, the achieved throughput is decreased. 
It proves that the signal strength is reduced significantly after penetrating the wall. The distance factor becomes very critical in this situation. For instance, the experimental results demonstrate that perhaps the proper distance between any two nodes should be around 5 or 10 meters.
Larger-than-10 meters will cause the network bandwidth to be reduced significantly (e.g., 25% loss from 12 Mbps to 9
Mbps when the distance is 15 meters). We believe this observation is unique and important when an ad-hoc wireless network is constructed. UDP performance behavior follows the similar pattern. The worst-case performance reduction occurred with 15 meters and 512
Kbyte (i.e., 2^9) message size. The performance reduction is almost 44% (i.e., from 18 Mbps to 10 Mbps).
Large-Scale Simulations
The discovery of IEEE 802.11g's throughput-distance relationships in its ad-hoc networking mode has significant impact in QOS routing. Since the bandwidth allocation is the top priority of the routing decision, the baseline performance results indicate that proper paths should be chosen with the consideration of the distance between any two routing nodes. However, the majority of the existing schemes seem to be lack of the joint consideration with the distance factor. For instances, many assumed the bandwidth is uniformly identical within the distance limit, thus the routing decisions favor the minimal number of hop counts.
We believe, given the solid evidences from the baseline experiments, the routing decisions within the (multi-hop) ad-hoc networks should be different.
We proposed MaxThroughput scheme still produces more paths (e.g., 17% vs. 8%) for higher average bandwidth (e.g., 12
Mbps). In high-density networks, the average path bandwidth is strongly affected by nature of the heuristic algorithms. The MaxThroughput scheme achieves the highest peak at 31.5% with 13 Mbps paths. The evidences indicate that our proposed algorithm favor the higher-bandwidth paths for most of the cases. On the other hand, conventional schemes prefer short number of hops with the peak distribution of 27.3% with only 2 Mbps paths via the MinHop routing strategy.
Conclusion
There are distinctly performance differences between indoor/outdoor environments and penetrating the walls using the ad-hoc mode. We have performed the systematic experiments to collect the performance characteristics.
With the unique findings, our proposed routing schemes have improved the end-to-end bandwidth significantly. Our proposed schemes carefully choose the node-to-node routing distances (e.g., 7 meters and 20 meters in our 802.11g model), therefore improves the quality of user-level applications by providing sufficient bandwidth across the selected paths.
